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THIS  YEAR,  BECAUSE  OF  THE  MOVE  OF  THE  PHYSICS  DEPARTMENT  OF  BOSTON  UNIVERSITY 
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TROL  AND  DATA  ACQUISITION  DEVICES,  SO  THAT  NOW  THE  DATA  CAN  BE  SAMPLED,  COL¬ 
LECTED  AND  ANALYZED  BY  COMPUTER. 


ALTHOUGH  THE  UPGRADING  TAKES  SOME  TIME,  THE  IMPROVED  FACILITIES  ALLOWED  CER- 
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This  year,  because  of  the  move  of  the  Physics  Department  of  Boston  University 
to  new  quarters,  the  research  facilities  and  the  laboratory  have  been  significantly 
upgraded.  The  upgrading  included  new  pumping  systems  as  well  as  control  and  data 
acquisition  devices,  so  that  now  the  data  can  be  sampled,  collected  and  analyzed 
by  computer. 

Although  the  upgrading  takes  some  time,  the  improved  facilities  allowed  certain 
measurements,  such  as  the  conductivity  measurement  in  appendix  2  which  world 
have  been  impossible  before.  The  most  significant  discoveries  during  the  past  year 
were  the  discovery  of  a  conductivity  maximum  in  FeC7s-intercalated  graphite  along 
the  c-axis.  The  maximum  could  be  suppressed  by  a  magnetic  field  as  small  as 
0.4mT.  An  accompanying  susceptibility  maximum  obeys  the  scaling  law  with  an 
exponent  of  approximately  two. 


Progress  Report 


During  the  investigation  of  FeC^incalated  graphite  at  this  laboratory,  several 
important  discoveries  were  made  about  the  electric  and  magnetic  properties  of  these 
substances.  It  was  found  that  in  well  characterized  FcC$  samples  there  was  a  mag¬ 
netic  susceptibility  maximum  indicating  a  nflgnetic  transition  at  6.5  K  in  stage  one 
and  at  1.72  K  in  stage  two.  At  higher  temperatures  the  magnetic  susceptibility 
of  these  samples  obeyed  the  Curie- Weiss  law  with  the  theta  indicating  an  antifer¬ 
romagnetic  interaction  within  the  layers  and  a  ferromagnetic  one  between  layers 
in  stage  one  and  antiferromagnetic  interactions  both  within  and  between  layers  in 
stage  two.  Figure  1  shows  the  susceptibilities  as  a  function  of  temperature  while 
Figure  2  shows  the  inverse  susceptibility  and  the  Curie- Weiss  law.  Table  1  lists  the 
various  parameters  for  the  transitions^ 
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Possibly  a  more  important  discovery  was  that  of  a  susceptibility  maximum  which 
occurs  in  FeCI s  intercalated  graphite  at  1.7  K.  That  maximum  occurs  in  each  stage 
at  the  same  temperature  but  its  size  becomes  significantly  greater  with  stage.  Figure 
3  show's  this  maximum  in  stage  1.2.4  and  6.  The  size  of  this  maximum  depends 
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sensitively  on  the  applied  magnetic  field.  Figure  4  shows  this  maximum  as  a  function 
of  temperature,  which  is  in  zero  (higher  peals)  magnetic  field  for  a  stage  6  sample. 
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The  notations  near  the  various  traces  indicate  the  magnetic  field  in  gauss.  One 
notes  that  a  field  applied  along  the  a-axis  is  much  more  effective  in  suppressing 
the  maximum  than  a  field  along  the  c-axis.  The  measuring  field  was  always  along 
the  a-axis.  In  order  to  explore  the  critical  properties  of  the  system  one  needs  to 
apply  the  shape  correction,  since  the  susceptibility  at  the  maximum  in  zero  applied 
magnetic  field  is  very  large.  When  such  a  correction  is  applied  the  peak  becomes 
very  large  and  sharp.  Fig.  7  shows  the  natural  logarithm  of  the  corrected  maximum 
as  a  function  of  the  reduced  temperature  t  =  (T  -  Tc )  Tc .  The  units  are  arbitrary 
but  one  notes  the  sharpness  of  the  maximum.  Fig.  8  shows  that  the  susceptibility 
obeys  a  power  law  near  the  critical  point. 
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rigure  3 

ne  natural  logarithm  or  the  susceptibility  plotted  against  the  logarithm  of 
educed  temoerature,  showing  that  the  transition  obeys  a  power  law 
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It  was  also  shown  that  the  size  of  the  susceptibility  maximum  can  be  correlated, 
within  a  stage  2  sample,  with  the  number  of  vacancies  in  that  sample  as  measured 
by  the  Mossbauer  effect.  This  was  shown  for  samples  which  have  7 %  of  iron  sites 
neighbors  to  vacancies.  9%  and  11°7,.  The  susceptibilities  as  well  as  the  Mossbauer 
spectra  are  shown  in  Figures  13  and  14.  This,  along  with 
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•»  i  1  •!  J  ]  •  »  J  | 


iim  t-*: 

JIS.  14  Correioonoinj  Sfiuaauerspecji  forts* 'Jreesa/npi«**scT«suMapt:'pujrveurvej 
ire  jflowo  a  ifure  1.  Tic  ponooa  of  the  rwj  yui  »fuea  eccprje  :S«  rce  utea  .searest 
actfsbour  to  trots  »icances  are  aidisateb  Pv  a*  strati.*.:  linn.  Lena  »*:octry  it  measured 
relative  :o  tSe  centre  of  jranrjr  of  an  iron  feu  ipecrum  it  .-pom  emperarure. 


Appendix  I 

Publication  in  Extended  Abstracts 
*84  M.R.S.  Meeting,  Boston  Nov.  26-30 


CRITICAL  EXPONENT  y  OF  THE  MAGNETIC  ANOMALY  OF  STAGE-6  FeCl,  INTERCALATED 

grabs  ite* 


G.O.  Zimme nan,  C.Nicolini,  D.  Solenberger,  D.  Gats.  B.  Holmes 

Physios  Department 
Boston.  MA  02215 

Ve  have  discovered  a  susceptibility  saziana  in  all  stages  of  FeCl,  inter¬ 
calated  graphite  which  occurs  at  abont  1.70CK.*'^  The  size  of  the  maximum  varies 
by  a  factor  of  30,  being  saiallest  in  stage  1  and  greatest  in  stage  6.  This  phe- 
noaonon  appears  to  be  two  diaensional  in  origin.  The  teaperatnre  of  the  aaxiaun 
does  not  vary  fron  stage  to  stage.  In  stage  2,  we  have  correlated  the  size  of 
the  maximum  with  the  nxaiber  of  iron  vacancies’.  The  aeasnreaents  shown  here  are 
for  stage-6  FeCl,  intercalated  graphite  where  the  aaxinoa  is  aost  pronounced. 
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Ha 

Figure  1 

Intercalated  Graphite 

Hm  is  the  measuring  field 

Ha  and  Hc  are  externally  applied  fields 


Fig.  1  shows  the  geoaetry  of  onr  arrangement.  The  susceptibility  was  meas¬ 
ured  by  a  standard  A.C.*  technique  at  40Hz  with  the  measuring  field  parallel 
to  the  graphite  planes.  The  measuring  field  was  always  saaller  than  0.1  G. 

Fig.  2  shows  the  magnetic  susceptibility  as  a  function  of  teapersture.  The 
highest  peak  is  zero  magnetic  field,  while  the  consecutively  lower  peaks  are  in 
fields  of  0.96.  1.92,  2.88,  3.84,  5.75,  7.67,  11.50  and  15.34  G  respectively 

along  the  a-direction  (Fig.  1} .  One  observes  that  in  addition  to  attenuating 
the  aaxiaua,  an  applied  field  shifts  the  teapersture  of  the  aaziaua  to  a  higher 
tesqperature. 

Because  of  the  high  susceptibility  at  the  maxima  the  external  measuring 
field  which  each  individual  aagnetie  spin  sees  is  shielded  by  the  neighboring 
spins  and  that  shielding  depends  on  the  shape  of  the  saaple.  We  measure  £ext  and 
would  like  to  measure  .Vint,  where  ^denotes  the  magnetic  susceptibility.  X  iat  is 
the  response  of  the  aagnetie  spin  to  the  field  it  experiences  while  Xext  is  the 
response  to  an  external  field.  The  relation  between&nt  and ^ ext  is* 


Figure  2 

Susceptibility  as  a  function  of  temperature  in  an  applied 
magnetic  field  (numbers  denote  field  m  Gauss) 


If  one  tisati  that 


at  the  maximum  £int  is  inf  ini  to,  then 
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Whan  this  correction  is  applied  to  the  susceptibility  at  zero  applied  magnetic 
field  one  obtains  the  points  in  Fig.  3. 


Figure  3 

Natural  logarithm  of  the  susceptibility  at  o  field  as  a  function  of 
the  reduced  temperature 

+  is  shape-corrected  susceptibility 
□  is  uncorrected  susceptibility 


Figure  4 

Logarithm  of  the  susceptibility  at  0  field  as  a  function  of  the 
reduced  temperature  showing  the  universal  power  law  behavior 

+"*T»TC 

x*T<Tc 


Fig.  3  shows  the  natural  Logarithm  of  the  susceptibility  plotted  against 

the  reduced  temperature  (T  -  Tc)/Tc  where  Tc  is  the  tiaperature  of  the  maximum. 

The  +  are  the  corrected  susceptibilities  while  the  0  are  the  uncorrected  values'. 
The  reduced  temperature  was  expanded  by  a  factor  of  10. 

Fig.  4  shows  the  natural  logarithm  of  the  susceptibility  as  a  function  of 

the  reduced  temperature.  The  +  are  for  T  >  Tc  while  X  denotes  points  for  T  <  Tc. 

This  plot  suggests  that  the  susceptibility  %  goes  as 

-  r~ 


with  y  -  1.97  ±  .1  for  T  >  Tc  and  y  -  1.85  ±  .1  for  T  <  Tc.  The  slopes  of  the 
drawn  lines  denote  the  values  of  y.  Although  similar  functional  behavior  of  the 
susceptibility  has  been  observed  in  many  other  systems  and  is  a  consequence  of 
the  universality  of  the  characteristics  of  second  order  phsse  transitions,  the 
value  of  y  is  between  1  and  1.25  in  three  dimensional  transitions,  while  it  is 
predicted  to  be  1.75  for  a  two  dimensional  Ising  model.  Our  values  appear  to  be 
higher  than  that,  fe  are  thus  dealing  with  a  new  phenomenon. 
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Figure  5 

Temperature  dependence  of  the  maximum  as  a  function  of 
the  aopiied  magnetic  field 

x=Ha 


Logarithm  of  the  maximum  susceptibility  as  a  function  of 
the  applied  magnetic  field 

+**HC 

x«Ha 


it 


Fig.  5  shows  the  magnetic  field  dependence  of  the  temperature  at  the  su*- 
ceptibility  maximum  +  denotes  the  points  for  the  field  applied  along  a  direction 
normal  to  the  planes  while  x  denotes  the  field  applied  parallel  to  the  planes. 
The  temperature  is  the  reduced  tes^erature  multiplied  by  100  where  Tc  is  the  tem¬ 
perature  of  the  maximom  at  zero  field.  The  field  is  the  field  in  units  of  Bo 
where  Ho  is  17  6  for  the  He  direction  and  7.5  6  for  the  Ha  direction,  and  denotes 
the  transition  from  low  field  to  high  field  behavior.  A  field  applied  along  Ha 
is  more  than  a  factor  of  2  more  affective  than  that  applied  along  He.  The  slope 
of  (T  -  Tc)/Tc  at  low  field  is  a  factor  of  3  greater  than  that  at  high  field. 

Fig.  6  shows  the  size  of  naxiaram,  plotted  on  a  logarithms  scale  as  a  func¬ 
tion  of  the  scaled  field  H/Ho  with  +  along  He  and  x  along  Ha  as  shown  in  Fig.  1, 
with  the  same  values  of  Ho  as  in  Fig.  5  again  and  observes  a  low  and  a  high 
field  behavior 

*«...(*)  =  (o) 

with^low  -  1.3,^high  -  0.6  for  Ha  and^low  -  l^high  *  0.4  for  He.  Similar  beha¬ 
vior  was  observed  in  other  magnetic  intercalation  compounds. ^ 
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Eleetrieal  Conductivity  of  FoCl ^  Intercalated  Graphite* 


A.  Ibrahia,  S.O.  Ziaezaia,  and  I.  Galaaaevaki 
Phytic a  Dapartaaat,  Boatoa  Dniweraity 
Boaton,  HA  02215 


Introduction 

The  alaetrieal  conductivity  of  atage-i  FaCl,  iatarcalatad  zraphite 
•a  a  aa  a  a  ax  ad  la  the  waeiaity  of  tka  1.73X  auaceptibility  aaonaly*3'^  by 
aa  tearing  tka  oat  of  pkaaa  a.o.  aaaeaptibility.  Tka  aaaaaraaaata  vara 
aada  at  freqaeaeiee  between  40  tad  1000  Sz  tad  aa  a  faaetioa  of  tka  aeg- 
aatio  fiald.  Tka  alaatrioal  eoadaetiwity  la  oaa  of  tka  propattlaa  Boat 
draatioally  chaaged  by  intercalation  bo tk  la  aecaptor  aad  doaor  grapkita 
latarealatioa  eoapoaada . ‘ 3 '  (QIC),  aad  apaolal  attaatioa  baa  baaa  paid  to 
tkaiz  ia-plaaa  eoadaetiwity  H-3*  akiek  oaa  ba  a  f  not  or  of  10*  graatar  thaa 
tkat  aloag  tka  o-aaia  (parpaadicalar  to  tka  plaae).  One  aaaaaraaaata  aara 
atiaalatad  by  tka  faat  tkat  *a  obaerwed  a  aaaiaaa  la  tka  oat-of-pkaaa  aag- 
aatle  aaaeaptibility.  <  ,  aoooapaayiag  aa  ia-p1 aaa  aaaeaptibility.  ‘  , 
aaaiaaa  akaa  tka  aeaaariag  field  wae  parallel  to  tka  plaaa.  No  aaek  aaai¬ 
aaa  aaa  obaerrad  with  tka  field  aloag  tka  e-aala  akiek  von  Id  have  aa  a a  nr  ad 
tka  ia-plaaa  coadaet laity .  X  *  ia  proportional  to  tka  conductivity.  aad 
aitk  tka  aaeaariag  aagaatie  field  parallel  to  tka  plaaa  we  are  aaialy  taa- 
pliag  tka  ekaagee  ia  tka  eoadaetiwity  aloag  tka  c-aaia.  Tka  aaaiaaa  la  <* 
oeeai  at  a  taaperatare  typieelly  doom  by  2  a  10*‘K  lower  tbaa  that  of  '<  • 
aa  ahowa  ia  Fig.  (1). 
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Tha  lupin  were  prepared  by  i  standard  technique  and  analyzed  for 
staging  fidelity  by  x-ray  analysis.  Mossbaaer  analysis  verified  tha  FaCl, 
eoatant  and  aunber  of  Taeanaias.  Preparation  of  the  saapla  and  nora 
dataila  abont  tha  axpariaantal  technique  can  ba  found  in  raf  [4].  Tha 
eondnstiaity  aaasursnanta  vara  nada  by  a  standard  ac  bridge  natbod  operat¬ 
ing  at  frequency  in  tha  ranga  of  40-1000  Bx.  By  nsing  a  phasa  sansitiva 
datactor  va  vara  abla  to  obsarva  both  tha  in-phaaa  (ralatad  to  tha  suscap- 
tlbility)  and  tha  ont-of-phaaa  (proportional  to  tha  conductivity)  signal i. 
Tha  oriantation  of  tha  nagnatic  fiald  at  tha  sanpla  vaa  parpandicular  to 
tha  c-axis.  tharafora  tha  nagnatic  nonants  in  tha  basal-plana  and  tha  con¬ 
ductivities  a  in  tha  a-c  plana  vara  neasured  vith  tha  variation  coning 
fron  tha  conductivity  along  tha  c-axis. 

Basalts  sad  Oiacaasioa 

Tha  no st  striking  rasslt  in  this  vork  is  tha  tanperature  dapaadanca 
of  tha  c-axis  conductivity  vhich  exhibits  an  ancaaly  in  tha  fom  of  a 
sharp  peak  at  tanparaturas  naar  1.731  in  taro  nagnatic  fiald.  This  con¬ 
ductivity  bahavior  is  indeed  correlated  vith  tha  sane  ancaaly  vhich  va 
have  seen  in  the  in— plans  nagnatic  susceptibility  (  X)  and  reported  in  this 
voluaet2'.  As  shown  in  Fig. 11)  tha  peak  it  vary  sansitiva  to  any  external 
applied  nagnatic  fiald.  it  disappears  in  a  field  I  >  it  and  at  freqaeney  f 
■  39.7  Hz.  Tha  field  dependence  of  tha  conductivity  nay  relate  this  aao- 
to  tha  nachanisn  vhich  causes  tha  peak  in  X .  An  aahancnaat  in  a  is 
expected  vhan  tha  syttan  has  a  nagnatic  ancnaly. 

As  shown  in  Fig. (3).  tha  conductivity  at  tha  peak  noaotonical ly 
dacraaaaa  at  tha  applied  nagnatic  field  increases.  This  reflects  tha  fact 
that  there  is  a  nicroscopic  process  which  dapaads  on  tha  nagnatic  phasa  of 
tha  systan  and  causes  tha  peak  in  a.  Fig.  (4)  shows  the  shift  in  tsn- 
per store  of  tha  peaks  for  different  values  of  the  applied  field.  This 
shift  indicates  that  tha  nagnatic  contribution  is  the  doninaat  nachanisn 
to  tha  peak  in  a.  _ 
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F I  OUSE  2  FIGURE  3 

Th«  t  n-p I ana  conduct  wily  •»  a  function  of  tanpar-  The  conductivity  at  thv  paaka  •»  a  function  ol 
atura  in  an  acpliad  •aqnatic  field  appliad  aaqnatic  fiald  and  tha  traquancy 


Th* re  ar*  other  effect*  which  might  iatcrtcrw  with  th etc  uuirr 
■■at*,  for  ttapU,  akin  *ff*et  or  six*  effect.  For  aaterials  of  t 
■atallic-lik*  conductivity ,  th*  tkia  effacta  c*a  be  eliaiaated  if  th*  fre¬ 
quency  i*  ia  th*  rang*  of  f  i  2  «  l0*p'  (f  ia  EH* .  p  ia  pOca) .  Vithia  th* 
iiait*  of  th*  r**i*tiwity  of  oar  saapl*.  *  typical  value  of  f  thoald  b* 
1***  th*a  2Hi  which  it  aaeh  hijhcr  thaa  th*  aaxiaaa  frequency  which  ha* 
b**a  oa*d  (f  1  1  IBi).  The  aix*  of  fact  would  b*  a  aajor  factor  oaly  if 
th*  a*aa  fr**  path  ia  coaparabl*  with  th*  taapl*  aix*.  Th*r*for*.  v*  do 
aot  *xp*ct  aay  coatribatioa  to  oar  data  f  roa  th*s*  *ff*cta. 

V*  alao  haw*  a*aaar*d  a  at  diffaraat  fr*qu*nci*a  aad  Fig.(S)  thowa 
th*  frequency  d*p*ad«ac*  of  *  at  th*  p* th.  A*  thowa  by  Fi(.(4)  aad 
Fi(.(S),  th*  an«aly  ia  a  persists  at  all  frequencies  bat  w*  haw*  obt*rw*d 
a  wariatioa  ia  th*  aaiaitada  of  th*  p*aka,  alto  th*y  ar*  shifted  to  dif¬ 
ferent  taaperatarea.  This  frequency  behavior  wa*  coap*r*d  with  reported 
data  b« tweea  th*  oat-of-phaa*  coapoaaat  aad  U  to  Cot  a  aiailar  bridge  [i] : 
they  war*  very  coaaiataat  aa  far  a*  th*  pe th  tiz*  ia  coac*ra*d  although 
th*  t*ap«rtmr*  wariatioa  ia  r*al .  Therefore,  ao  freqoaacy  effect*  iater- 
fer*  with  th*  data  aad  th*  oba*rr*d  path  tix*  wariatioa  ia  jaat  a 
frequency  d*p*ad*ac*  ia  th*  bridge  itself. 


FIGURE  4  FIGURE  5 

fh*  ♦.•••p*r*lur*  of  th*  peak*  i«  •  function  of  th* 

.0011.1  e.qnet.e  field  end  th.  frequence  Th*  .  function  *.  t.-o.r. 

tur*  in  ft  l*ro  fi*ld  «nd  at  lit  f«r*nt  fr»qu«f,c  itt 

la  coaclaaioa,  low  taaparatar*  phaa*  traaaitioa  of  e-axi*  conductivi¬ 
ty  haa  been  taea  ia  stsg*-6  GIC  aad  ia  related  to  th*  sea*  pheacaeaa  which 
caaaaa  th*  pack  ia  th*  aa|a*tie  susceptibility.  The  abow*  aaoaaly  is  rea- 
iaiscaat  of  apia-|la*a  behavior  where  at  a  certain  teaperatar*  the 
■agnatic  spina  ar*  froaea. 
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